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The purpose of the current study was to determine the progress of cortical functional degeneration in the
Royal College of Surgeons (RCS) rat. Cortical responses were measured with optical imaging of intrinsic
signals using gratings of various spatial frequencies. Subsequently, electrophysiological recordings were
also taken across cortical layers in response to a pulse of broad-spectrum light. We found signiﬁcant
degeneration in the cortical processing of visual information as early as 4 weeks of age. These results
show that degeneration in the cortical response of the RCS rat starts before development has been prop-
erly completed.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Age related macular degeneration and retinitis pigmentosa are
human retinal diseases that result from defective retinal pigment
epithelium (RPE) or photoreceptor cells, with a progressive loss
of photoreceptors leading to severe visual impairment. The Royal
College of Surgeons (RCS) rat also suffers from a defect in the ret-
inal pigment epithelium cells which affects their ability to phago-
cytose rod outer segments (D’Cruz et al., 2000; Dowling & Sidman,
1962) and results in the gradual death of photoreceptors (LaVail &
Battelle, 1975). Therefore, the RCS rat has been considered a suit-
able animal model to understand the progress of degeneration in
retinal diseases and to develop therapies aimed at preserving vi-
sual function (Coffey et al., 2002; Lund et al., 2001; Tomita et al.,
2007; Vugler et al., 2007). Previous studies have reported anatom-
ical and neurochemical abnormalities by 2 weeks of age in the RCS
rat (Davidorf et al., 1991; LaVail & Battelle, 1975). At this age, some
aspects of retinal function already show signs of degeneration as
measured with electroretinograms (ERG) (Dowling & Sidman,
1962; Fulton, 1983; Pinilla, Lund, & Sauve, 2004). Both ERGll rights reserved.
; c/s, cycles per second; spk/s,
roretinogram; LFP, local ﬁeld
ege of Surgeons; RPE, retinal
ugler@ucl.ac.uk (A. Vugler),
.uk (A.J. Carr), smgxllc@ucl.
ado), m.semo@ucl.ac.uk (M.function (Bush, Hawks, & Sieving, 1995) and visual sensitivity at
the superior colliculus (Girman, Wang, & Lund, 2005; Sauve
et al., 2001; Sauve, Lu, & Lund, 2004) progressively degenerate over
several months.
Primary visual cortex is a major visual centre in the brain for the
processing of pattern visual information and preservation of corti-
cal responses in this area is necessary for conscious vision. In order
to understand how retinal degeneration impacts conscious percep-
tion, visual function needs to be assessed at the cortical level. Com-
paratively, few studies have speciﬁcally addressed cortical function
in the RCS rat and only at an already advanced stage of degenera-
tion (Gias et al., 2007; Girman, Wang, & Lund, 2003). Given the
extensive use of this animal model in pre-clinical studies, it is
important to establish the impact of retinal degeneration on the
processing of visual stimuli in brain areas relevant to conscious
perception. To our knowledge, there has not been a detailed inves-
tigation into the progression of cortical functional degeneration in
a rodent model of retinal degeneration within the ﬁrst postnatal
months.
Multiunit activity recordings (MUA) give a measure of the out-
put from a neuronal population (Legatt, Arezzo, & Vaughan, 1980)
while local ﬁeld potentials (LFP) are thought to be indicative of
input and intracortical processing by a local neural population
(Logothetis et al., 2001). There is also a close link between the elec-
trical activity of a population of neurons and the local metabolic
activity measured with optical imaging of intrinsic signals
(Grinvald et al., 1986). This technique can indirectly measure
simultaneously the neuronal activity of a relatively large area of
the cortex and has been useful in determining the retinotopic
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ker, 2003; Schuett, Bonhoeffer, & Hubener, 2002) as well as the cor-
tical response to pattern stimulation in several species (Heimel
et al., 2007; Lu & Roe, 2007; Zhan, Ledgeway, & Baker, 2005)
including the rat (Gias et al., 2007).
The main aim of the current study was to determine the extent
of pattern-vision degeneration in the cortex as a result of retinal
dystrophy in the RCS rat model. The tools used to address this line
of investigation are electrophysiology and intrinsic optical imaging.2. Methods
2.1. Animals
All animal care was in accordance with institutional and Home
Ofﬁce (UK) regulations and the UK Animals Scientiﬁc Procedures,
Act 1986. Animals were kept in a 12-h dark/light cycle environ-
ment at a temperature of 22 C with food and water ad libitum.
Two groups of rats of either sex were used in this study at three
different time points: dystrophic pigmented RCS (total n = 22:
9(P28–35), 6(P49–56), 7(P98–105)) and congenic control (total
n = 21: 6(P28–35), 8(P49–56), 7(P98–105)). Optical imaging re-
sponses were measured in all the rats tested and additional elec-
trophysiological recordings were also taken from a subset of the
RCS (total n = 18: 8(P28–35), 5(P49–56), 5(P98–105)) and congenic
control (total n = 16: 5(P28–35), 4(P49–56), 7(P98–105)) groups of
rats.
2.2. Surgery
Subjects were anaesthetised with urethane (1.25 g/kg ip) and
placed in a stereotaxic holder. A midline incision was made to ex-
pose the surface of the skull. The skull overlying right V1 was
thinned to translucency with a dental drill under constant cooling
with saline. A tracheotomy was performed to enable artiﬁcial ven-
tilation (20% O2, 80% N2; 1–1.3 Hz). Blood oxygen saturation and
heart rate were monitored non-invasively with a MouseOx (Starr
Life Sciences Corp, Oakmont, PA, USA). Data presented in this study
was taken with average blood oxygen saturation above 90%. Rectal
temperature was monitored and maintained constant at 37.5 C
with a homeothermic blanket (Harvard Apparatus) throughout
the duration of the experiment.
2.3. Visual stimulation
Following surgery, the rat was held steady using a mouth bar
and tilted 20 in the inferior direction and the right eye covered
to prevent stimulation. A calibrated (Minolta Chroma meter
CS100) Dell Ultrasharp monitor 1905 FP of 75 Hz frame rate moni-
tor was placed laterally 25 cm from the rat’s left eye at 45 azimuth
and 20 elevation to present visual stimuli generated usingMATLAB
software with Psychophysics Toolbox (Brainard, 1997; Pelli, 1997).
Stimuli subtended 60  60 of visual ﬁeld and consisted of either a
ﬂash of light ﬂickering at 2 Hz or horizontal sinusoidal gratings of
spatial frequencies between 0.05–0.7 c/d moving back and forth
at 2 c/s presented during 2 s. The ﬂickering ﬂash of light of 64 cd/
m2 peak luminance was presented against a dim blank screen dur-
ing periods of no stimulation (0.15 cd/m2). The gratings had a 99%
Michaelson contrast and were presented in a pseudo-random se-
quence against a background of matched luminance (32 cd/m2)
during periods of no stimulation. The eye was regularly monitored
throughout to ensure the pupil was not dilated and for any signs of
opacities. Subsequently, the rat’s pupil was dilated using
Tropicamide (1.0%) and electrophysiological recordings were then
taken under a bright pulse of broad-spectrum white light of 2 logcds/m2 delivered using a Lambda DG-4 (Linton Instrumentation,
UK) projected onto a diffuser to visually stimulate the left eye for
10 ms over an area spanning 130 of visual ﬁeld. During the
recovery periods the luminance was 0.01 cd/m2. Each type of visual
stimulus was presented 25 times during optical imaging and elec-
trophysiological measurements. Eye drops (hypromellose, 0.3%)
were regularly delivered to the rat’s eye throughout the duration
of the experiment to keep it moist.
2.4. Data collection
2.4.1. Single wavelength optical imaging
In order to perform single wavelength optical imaging the cor-
tex was illuminated using a stabilised light source (Xenon arc
lamp), using a narrow bandpass (10 nm Full Width-Half Maxi-
mum) interference ﬁlter with peak transmittance at 570 nm wave-
length (Edmund Optics, York, UK). Frames were taken of cortex
through the thinned skull at 15 Hz using a 12 bit, Dalsa 1M60
CCD camera (Dalsa, Waterloo, Canada) focused 700 lm below the
cortical surface. Each frame was made of 128  128 pixels covering
an area of 5.8  5.8 mm. The period between stimuli was 18 s to
allow the optical signal to return to baseline and frames were col-
lected and stored over 13 s starting 8 s before stimulus onset. The
data were averaged over 25 repetitions on a frame by frame basis
before being subjected to further analysis.
2.4.2. Electrophysiological recordings
Once the optical imaging recordings were ﬁnished and the re-
sponse location identiﬁed, a burr hole was drilled in the thinned
skull at the centre of activity and a 16 channel electrode probe
(100 lm spacing, Neuronexus Technologies, Miami, USA) inserted
1500 lm perpendicular to the surface. Electrical recordings were
preampliﬁed, collected and digitised at 6 kHz/16-bit precision,
using a data acquisition device (RX5 Pentusa system, Tucker-Davis
Technologies, Alachua, FL, USA). Data was continuously collected
during the stimulation protocol and averaged over the 25 repeti-
tions before further analysis was carried out.
2.5. Data analysis
2.5.1. Single wavelength optical imaging
The mean from each pixel was removed by its pre-stimulus
average and further analysed by using a general linear model in
a similar way as previously described (Gias et al., 2007; Mayhew
et al., 1998).
The general linear model can be expressed as:
X ¼ Abþ e
where X represents the data matrix, A is the design matrix with a
column for every factor represented in the model, b is the parame-
ter matrix that represents the contribution that every effect has on
the time series of each pixel and e is the error.
To explain the pixel’s time-series changes, the response was
modelled as a gamma distribution peaking at 3 s after stimulus on-
set. In order to model the spontaneous low frequency changes in
the time-series (Mayhew et al., 1996) we used a sine and cosine
signals of 0.08, 0.1 and 0.12 Hz and to account for possible devia-
tions of the response’s peak time the derivative of the modelled re-
sponse was also used in the design matrix (Calhoun et al., 2004).
By applying regression analysis on the data we can obtain esti-
mates of the response and a statistical indication of its variability
(Gias et al., 2007). The ratio between the parameter estimate of
the response and its standard deviation (the square root of its var-
iance) was calculated as a measure of signiﬁcant activation in
terms of z scores. The centre of activity (COA) was calculated from
those pixels exceeding a threshold of ﬁve standard deviations (SD)
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atlas using bregmatic and sagittal sutures as visual landmarks
(Paxinos & Watson, 1998) and ﬂuoro-gold immunostaining
(Supplementary Fig. 1). Given that the location of cortical activity
was relatively unaffected by the spatial frequency (Supplementary
Fig. 2), a ﬁxed region of interest (ROI) centred at the COA was
chosen for each animal to calculate the averaged optical imaging
response across spatial frequencies. A circular ROI of 2 mm2 span-
ning approximately 60% of the retinotopic projection of the visual
stimulus (30 lm/deg, Gias et al., 2005) was considered appropri-
ate for measuring the average cortical response (Fig. 1). Given that
low spatial frequencies have been shown to be more effective in
eliciting behavioural and electrophysiological responses in non-
dystrophic (Dean, 1978, 1981; Harnois, Bodis-Wollner, & Onofrj,
1984; Silveira, Heywood, & Cowey, 1987) and dystrophic RCS
(Coffey et al., 2002; Gias et al., 2007) rats than high spatial frequen-
cies, the ROI was calculated using the 0.05 c/d stimulus. If a cortical
response was absent at this stimulus but still responsive to a ﬂick-
ering ﬂash response, the latter was used to estimate the ROI. If no
visual stimulus evoked an optical imaging response, a point within
primary visual cortex at approximately 6.5 mm from bregma and
3.5 mm lateral from the sagittal suture was chosen instead as the
COA.
2.5.2. Electrophysiology
The recorded signal was analysed ofﬂine using custom-made
MATLAB software. The signal was divided into local ﬁeld potential
(LFP, lV) and multiunit activity (MUA, spikes per second: spk/s) by
zero phase shift band-pass ﬁltering in the 1–150 Hz range and the
300–3000 Hz range respectively. The ﬁring rate of MUA data was
calculated in 5 ms bins by spike counting at 3 SD above the base-
line activity level (Jones et al., 2004). To quantify the response
across layers, one representative electrode contact with the largest
response was selected in each cortical layer. LFP (/MUA) onset la-
tency for each layer was deﬁned as the earliest signiﬁcant (>3
SD) decrease (/increase) from baseline (2 s to 0 s) that was main-
tained for at least 10 ms. The peak following stimulation was taken
as the amplitude of the response.
2.6. Immunohistochemistry
2.6.1. Retina
Following the completion of imaging experiments, rats were
perfused with 0.1 M phosphate buffered saline (PBS), followed by
4% paraformaldehyde (in PBS). Prior to rapid freezing in OCT
imbedding compound, eyes were removed and cryoprotected by
overnight incubation (at 4 C) in 30% sucrose solution. Retinal tis-
sue sections (20 lm) were cut on a cryostat and collected onto
charged slides (BDH). For immunohistochemistry, all incubations
were carried out in PBS containing 0.3% Triton X-100. Sections
were blocked with 5% normal donkey serum for 2 h before over-
night incubation with a combination of the following primary anti-
bodies: rabbit anti-red/green (M/L) opsin (1:5000, Chemicon);
mouse anti-rhodopsin (1D4, Abcam, Cambridge, UK); goat anti-
blue (S) opsin (1:500, Santacruz Biotechnology, Heidelberg,
Germany). Following an extensive wash in PBS, sections were then
incubated in appropriate combinations of secondary antibodies.
The secondary antibodies used were TRITC conjugated anti-rabbit,
FITC anti-mouse and FITC anti-goat IgG (all cross-adsorbed to
multiple species and purchased from Jackson ImmunoResearch).
Following a ﬁnal wash in PBS, sections were cover-slipped with
Vectashield (Vector labs, Peterborough, UK).
As controls for secondary antibody speciﬁcity, some tissue was
processed in parallel for immunoﬂuorescence staining, with the
omission of one or both primary antibodies. In these cases no
signal was detectable. Additionally, immunostaining could beabolished following preadsorption of primary antibodies with the
requisite blocking peptides. Fluorescent labelling was examined
using a Zeiss 510 confocal microscope and LSM Image Browser
software, retina structure was visualised concurrently using
Normarski optics.
2.6.2. Brain
2.6.2.1. Fluoro-gold with SMI-32 co-labelling. A burr hole was drilled
in the thinned skull at the COA as identiﬁed with optical imaging.
The needle of a 10 ll Hamilton was inserted 700 lm perpendicular
to the surface. 1 ml of a 3% solution of Fluoro-gold (FG; Fluoro-
chrome Inc., Engelwood, CO) in 0.9% saline and 10% dimethylsul-
phoside was then injected. Subsequently, animals were perfused
intracardially with a PBS ﬂush followed by 4% paraformaldehyde
in 0.1 M phosphate buffer. Brains were removed and cryoprotected
overnight at 4 C in a 30% sucrose solution (in 0.1 M PBS), and then
frozen with a dry ice/acetone slurry. Coronal brain sections (30 lm
thick) were cut on the cryostat and processed free-ﬂoating. Tissues
were blocked for 2 h with 5% normal donkey serum (NDS) in PBS
containing 0.3% Triton X-100 (PBS-TX) and subsequently incubated
overnight in PBS-TX containing 1% NDS andmouse monoclonal pri-
mary anti-neuroﬁlament heavy chain (SMI-32, Covance, 1:5000)
followed by the secondary antibody (TRITC anti-mouse IgG, from
Jackson ImmunoReseach). The neuroﬁlament-H antibody was used
to aid the identiﬁcation of cytoarchitectural boundaries in the cor-
tex (Van der Gucht, Hof, Van Brussel, Burnat, & Arckens, 2007). Sec-
tions were imaged on a Zeiss LSM 710 confocal microscope with a
digital stage, tile images were stitched together and projected
using Zeiss ZEN 2009 software.
2.6.3. Statistical methods
Analysis of variance (ANOVA) was used to compare the ampli-
tude responses and onset latencies between control and RCS rats
using SPSS 12 software. To identify the cortical layers that contrib-
ute most to the difference in activity between both groups at a par-
ticular age, post hoc t-tests were carried out using Bonferroni
correction. Signiﬁcance level was set at 0.05.3. Results
3.1. Optical imaging response in the control and RCS rat
Brain activity following stimulation results in an increase in the
cerebral blood volume leading to a reduction in the light reﬂected
from the cortex, intrinsic signal. Animals were stimulated using a
ﬂickering ﬂash of light at 2 Hz and gratings of spatial frequencies
ranging from 0.05 to 0.7 c/d and brain activity was recorded from
primary visual cortex. A pseudo-colour z scores map of cortical
activation is shown in Fig. 1.
The visual stimulus causes a decrease of the intrinsic signal (in-
creased blood volume) on the cortically active area during the ini-
tial 2–3 s after stimulus onset before peaking and subsequently
returning to baseline. A large intrinsic signal response was reliably
elicited in every control rat from every age group tested both using
the ﬂickering ﬂash of light and moving gratings of low spatial fre-
quencies. At higher spatial frequencies the cortical response was
reduced in line with previous intrinsic imaging studies in other
species (Gias et al., 2007; Heimel et al., 2007; Lu & Roe, 2007). Re-
sponses spanned a large area of the imaged window corresponding
to rat V1 with decreasing amplitude in cortical regions closer to
midline. In contrast, cortical responses in the RCS dystrophic group
were in general less reliable and of lower amplitude. Up until P56,
a cortical response was evoked in every RCS rat to the ﬂickering
ﬂash whereas at P98–105 we did not observe clear changes in
the intrinsic signal following stimulation in all the dystrophic rats.
Fig. 1. Spatio-temporal response in a control rat to a grating stimulus of 0.05 c/d.
(A) Pseudo-colour z scores response map superimposed to an anatomical picture of
visual cortex taken at 570 nm. The white cross represents the COA and the white
circle represents the 2 mm2 area around the COA where the time series is averaged
across pixels. a, anterior; p, posterior; m, medial; l, lateral. (B) Average time
response following 2 s of visual stimulation. Grey shadow indicates the time when
the stimulus was ON.
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the lowest z score values (largest in absolute value) in the z scores
maps are represented as the darkest in the grey-scaled images and
correspond to pixels with a maximal decrease in the intrinsic sig-
nal (maximal response) following stimulation. In order to quantify
these observations, we computed the average time series of those
pixels within a circular cortical region of 2 mm2 centred at the COA
(see methods). The time series for corresponding stimulus, age and
group were then averaged across animals. The resulting averagedFig. 2. Spatio-temporal responses of individual control and RCS dystrophic animals from
visual cortex as viewed using 570 nm light at the different age groups. a, anterior; p, pos
grating stimulation (0.05 c/d, 2 c/s). (C) Average time series across pixels from different re
was ON. Scale bar in (A) applies to all images.time series are plotted in Fig. 3A in response to a ﬂickering ﬂash
stimulus. There is a decline of 37% in the average amplitude of
the response between the youngest and oldest group of control
animals with age although it does not reach signiﬁcance (ANOVA,
F(2, 16) = 1.41; P = 0.344). While the amplitude of the response
was between 1.5–2.5% in the control animals, this was 1% or less
in RCS dystrophic rats, being smallest at P98–105 (0.5%). We
found an overall statistical difference in the amplitude of the re-
sponse between the RCS and control groups of rats (two-way AN-
OVA; factor 1: age, factor 2: group of rat; F(1, 37) = 20.98;
P < 0.001). Post hoc t-test analysis showed a statistical difference
at P98–105 using Bonferroni corrected P values (Pcorr < 0.05). While
the amplitude difference at P28–35 and P49–56 did not reach
threshold, there was a trend towards it (Pcorr = 0.084 and
Pcorr = 0.141 respectively).
In relation to the response to pattern stimulation, a comparison
between both the RCS and the control group of rats showed an over-
all difference in the cortical responsiveness in the RCS rat to grat-
ings stimulation (three-way ANOVA; factor 1: age, factor 2: group
of rat, factor 3: spatial frequency; F(1, 37) = 62.87; P < 0.001). The
responses across the spatial frequencies were greatly reduced not
only in the older RCS rats but also in the young ones. Fig. 3B repre-
sents a comparison of the averaged time series across the different
spatial frequencies. In the control group the amplitude of the
response was 1% or more following gratings stimulation at low
and medium spatial frequencies. The response at high spatial
frequencies was small in all the age groups although it got more
prominent in older animals. By plotting the amplitude of the
responses as a function of the spatial frequency in log units, they
appear to be inversely but approximately linearly relateddifferent age groups following visual stimulation. (A) Thinned window overlying
terior; m, medial; l, lateral. (B) Z scores maps following a ﬂickering ﬂash (2 Hz) and
gions of interest as shown in (B). Grey shadow indicates the time when the stimulus
Fig. 3. Amplitude of the intrinsic signal response comparison between RCS dystrophic and control rats following stimulation. Error bars represent SEM. Grey shadow
indicates the time when the stimulus was ON. (A) Time series responses averaged across animals to a ﬂickering ﬂash stimulus. (B) Time series responses averaged across
animals to gratings at several spatial frequencies. (C) Amplitude of responses averaged across animals at several spatial frequencies (logarithmic representation). Asterisk
gives an indication of the P value following independent samples t-test comparison between RCS and control groups of rats at the different spatial frequencies (P < 0.05;
P < 0.01; P < 0.001).
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straight line using least squares. We calculated the R2adj value in or-
der to give an indication of the goodness-of-ﬁt and we found a rea-
sonable good ﬁt in the control animals across the different age
groups (R2adj > 0.8, P < 0.01). This straight line was extrapolated to
give an indication of the acuity of the animals using optical imaging.
The line crosses the level of noise of the intrinsic signal (0.2%)
within the range of 0.67–1.14 c/d, in close similarity to previous
rat studies (Dean, 1978, 1981; Harnois, Bodis-Wollner, & Onofrj,
1984; Silveira, Heywood, & Cowey, 1987). In the RCS dystrophic
group we did not observe a response at high spatial frequencies
at any age group. The amplitude of the response at low andmedium
spatial frequencies in the RCS group was less than 1% even in the
P28–35 rats although a straight line ﬁtted the data well at this
age (R2adj > 0.8, P < 0.01) crossing the 0.2% level at 0.26 c/d. Re-
sponses to pattern stimulation were in most cases absent in the
P49–56 and P98–105 RCS dystrophic groups and a straight line
did not ﬁt the data well (R2adj < 0.3, P > 0.1).
The response decrease pattern described here at increasing spa-
tial frequencies does not depend on the COA location. Supplemen-
tary Fig. 3 shows that, despite lower responses, this phenomenon
is also observed at cortical regions surrounding the COA. The size
of the cortical area does not greatly affect the results either, with a
twofold increase in the size of the ROI resulting in less than 10%
change in the amplitude of the response (see Supplementary Fig. 4).3.2. Electrophysiological response across cortical layers following a
light pulse
We were interested in detecting any residual visual function at
advanced cases of retinal degeneration. To achieve this, retina
stimulation was maximised by dilating the pupil of the rat anddelivering a bright pulse of broad spectrum light over a large area
of the visual ﬁeld. An initial increase in the LFP was recorded from
the most superﬁcial electrode channels (<150 lm from surface)
while negative initial deﬂections were seen in deeper recordings
with the largest amplitudes found at 500–800 lm below the cor-
tical surface corresponding to lower layer III, layer IV and upper
layer V (Fig 4) in agreement with previous rat studies (Heynen &
Bear, 2001; Kenan-Vaknin & Teyler, 1994).
To quantify the response we compared the peak responses from
supragranular (S), granular (G) and infragranular (I) layers between
the dystrophic RCS and control rats at the different age groups. This
type of stimulus was very reliable in evoking a cortical response
even in the oldest RCS dystrophic rats tested and large responses
were found up until P49–56 (Fig. 5). No statistical differences in
the amplitudes of LFP (ANOVA, P28–35: F(1, 11) = 1.53, P > 0.05;
P49–56: F(1, 7) = 3.92, P > 0.05) nor MUA (ANOVA, P28–35:
F(1, 11) = 1.04, P > 0.05; P49–56: F(1, 7) = 0.072, P > 0.05) responses
were found between control and RCS dystrophic rats younger than
P49–56. At the age of P98–105, we found a signiﬁcant reduction in
the amplitude of the LFP response in the RCS rat in comparison to
the control group (ANOVA, F(1, 10) = 23.24, P < 0.01). Equally, there
was a signiﬁcant reduction in the MUA response (ANOVA,
F(1, 10) = 17.51, P < 0.01) at P98–105 with a reduction in the spik-
ing rate of about one third the one measured at P49–56 across cor-
tical layers. Both LFP and MUA responses were signiﬁcantly
reduced in the RCS rat at P98–105 across all the cortical layers
(post hoc t-test, Bonferroni correction, P < 0.05).3.3. Latency of the response
The speed of transmission of visual information from retina to
visual cortex was assessed by measuring the latency of the
Fig. 4. LFP and MUA responses across cortical layers following a short pulse of bright white light (10 ms duration) in P98-105 control and P98–105 RCS dystrophic rats.
Arrows indicate stimulus onset.
Fig. 5. LFP and MUA amplitude comparisons between RCS dystrophic and control rats following a short pulse of bright white light across the different age groups and cortical
layers. S: supragranular layer, G: granular layer, I: infragranular layer. Error bars represent SEM. Discontinuous line represents the approximate level of background activity.
The cross indicates a statistically signiﬁcant difference at a particular age between both RCS and control groups of rats (repeated measures ANOVA, xx P < 0.01). Asterisk
indicates a statistical difference between groups at a speciﬁc layer (post hoc t-test, Bonferroni correction, P < 0.05).
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light stimulus. The onset latency of LFP and MUA in the control ani-
mals across cortical layerswaswithin 25–35 ms remaining constant
throughout the different age groups (Fig. 6). Instead, the onset
latency in the P28–35 RCS ratwas in the range of 35–50 ms. This dif-
ference was statistically signiﬁcant (LFP: ANOVA, F(1, 11) = 9.35,
P < 0.05; MUA: ANOVA, F(1, 11) = 5.94, P < 0.05) conﬁrming that an
increase in response latency occurs as early as P28–35 in the RCSrat. This effect is not limited to a cortical layer and statistical differ-
ences were seen across supragranular, granular and infragranular
layers (post hoc t-test, Bonferroni correction, P < 0.05). The latency
of the response progressively increased in the RCS rats with age
and we found a delay of at least 60 ms from stimulus onset before
the cortical response was evoked in the P98–105 dystrophic rats.
This increase in the latency of the response was homogenous and
statistically signiﬁcant across the different cortical layers.
Fig. 6. Response latency comparisons of the peak LFP and MUA responses between RCS dystrophic and control (C) rats following a short pulse of bright white light across the
different age groups and cortical layers. S: supragranular layer, G: granular layer, I: infragranular layer. Error bars represent SEM. Cross indicates a statistically signiﬁcant
difference at a particular age between both RCS and control groups of rats (repeated measures ANOVA, x P < 0.05; xxx P < 0.001). Asterisk indicates a statistical difference
between groups at a speciﬁc layer (post hoc t-test, Bonferroni correction, P < 0.05).
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4.1. Early degeneration in the cortical processing of visual patterns in
the RCS rat
This study has shown a pronounced reduction in the cortical
processing of pattern stimulation over a broad range of spatial fre-
quencies in the RCS rat at all the age groups tested. As shown in
Supplementary Fig. 5 and in agreement with more detailed ana-
tomical and functional studies (Cuenca et al., 2005; Davidorf
et al., 1991; Dowling & Sidman, 1962; Girman, Wang, & Lund,
2005; Machida et al., 2008), retinal degeneration affecting rod
function has started by 4–5 weeks of age in the RCS rat with an in-
crease in the debris zone followed by disorganisation of opsin
expression with age. It is less clear the extent that the cone system
has been affected at this young age. We have only seen clear
degeneration in the distribution of cone opsin across layers from
7 to 8 weeks and previous studies have suggested that there is nor-
mal maturation of the cone system (Pinilla, Lund, & Sauve, 2004).
However, other detailed studies have shown morphological
changes in cone transducin labelled cells (Cuenca et al., 2005)
and functional abnormalities in the cone system (Machida et al.,
2008) by 4–5 weeks. In addition to photoreceptor degeneration,
the neural retina in the RCS is also affected. By P31, the oscillatory
potential component of the ERG is reduced by half its amplitude
suggesting a rapid change in amacrine cell circuitry (Cuenca
et al., 2005). However, the impact of these early changes on higher
visual structures cannot be inferred from these results.
In this study we have also demonstrated that cortically medi-
ated processing of image-forming visual information is already
compromised by 4–5 weeks. According to previous studies in the
rat, cortical processing to pattern stimulation does not develop
fully until 6 weeks postnatally (Fagiolini et al., 1994; Stafford,
1984) or even longer (Guire, Lickey, & Gordon, 1999). The compar-
atively larger intrinsic signal responses at the highest spatial fre-
quencies reported here in control animals older than 4–5 weeks
also supports the view that visual acuity has not fully developed
by this age. Neuronal inhibition plays a major role in the cortical
processing of gratings (De Valois & Tootell, 1983; Sillito, 1979;
Worgotter & Koch, 1991) and its progressive development in the
rat up to 6 weeks of age (Huang et al., 1999; Yamashita et al.,
2003) could potentially amplify the visual responses to this type
of stimulus. One possible mechanism that could explain this would
be the development of inhibitory Off subregions in simple corticalneurons with a receptive ﬁeld structure matching the spatial fre-
quency of the visual stimulus through either intracortical inhibi-
tory neurons (Hirsch’03) or feedback from higher order visual
centres (Hupe et al., 1998). Neurotrophic factors appear to be
important in the development of visual acuity (Huang et al.,
1999). There are substantial neurotrophic factor abnormalities in
the young RCS rat affecting the retina (Amendola, Fiore, & Aloe,
2003; Fletcher & Kalloniatis, 1997; Hankins & Ikeda, 1994;
Kalloniatis & Tomisich, 1999), the geniculate nucleus and visual
cortex (Amendola, Fiore, & Aloe, 2003) as early as 8 days postna-
tally. It is therefore plausible that an abnormal concentration of
such factors in the neural structures of RCS rats could impede
proper neural development. Because the RCS rat has been routinely
employed for pre-clinical studies (Coffey et al., 2002; Lund et al.,
2001), it is important to take into account the limitations of this ro-
dent model for preserving normal visual function. Indeed, the
effectiveness of a therapeutic intervention to preserve visual func-
tion is likely to be strongly inﬂuenced by the lack of normal devel-
opment of rod/cone function. Therefore, we conclude that
extrapolation of results from RCS studies to human patients with
late-onset retinal degeneration may actually under-estimate the
potential therapeutic beneﬁt of the various cellular/molecular
strategies tested to date (Coffey et al., 2002; Lund et al., 2001;
Tomita et al., 2007).
4.2. Degeneration in the cortical processing of visual patterns in the
adult RCS rat
In this study we have shown the reduced capability of the adult
RCS rat to cortically process visual patterns with a complete loss. In
contrast, a previous study in the old RCS rat (>P120) using single
unit recordings has shown that, while infrequently, some cortical
neurons have the capability to respond to gratings (Girman, Wang,
& Lund, 2003). Methodological differences are likely to account for
this disparity. Given that optical imaging mainly reﬂects input and
intracortical processing by a neural population (Sheth et al., 2005),
the output of a sparse population of neurons might not be effective
enough to evoke a measurable optical imaging response.
Behavioural tests have been used in the past to study the degen-
eration of visual perception in the RCS rat with some reports show-
ing that pattern discrimination can last up to 3 months
(Hetherington et al., 2000) in line with our results, while others re-
port that it extends up to 11 months of age (McGill et al., 2004).
While visual stimulation differences can account for some
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be potentially more sensitive than optical imaging measurements.
The response of a small population of cortical neurons might be
below the detection threshold of optical imaging particularly in
an anaesthetised preparation but sufﬁcient to trigger an animal
behaviour. In addition, the rat superior colliculus is the main reci-
pient of retinofugal projections receiving input from virtually all
ganglion cells. This input enables the superior colliculus to resolve
gratings of up to 0.7 c/d (Dean, 1981) or even higher (Prevost,
Lepore, & Guillemot, 2007) and has been involved in behavioural
tests of pattern discrimination (Douglas et al., 2005). Therefore, it
is also possible that residual function at the superior colliculus is
preserved longer than at the visual cortex in the presence of retinal
degeneration, eliciting a pattern-mediated behavioural response.
To date, behavioural tests have been widely used to assess visual
perception in rodent models of retinal disease and to test the efﬁ-
cacy of various treatments (Coffey et al., 2002; Ivanova & Pan,
2009; Lu et al., 2009; Tomita et al., 2007). However, given that
the visual cortex is not the only visual structure that could mediate
the measured behavioural responses, visual perception readouts
using this approach does not necessarily translate to cortically-
mediated conscious human perception. Therefore, we believe that
studying the function of this brain area directly might provide data
that is more applicable to human studies of visual perception.
4.3. Degeneration in the amplitude of the response to temporal
changes in luminance level
Our results have shown evidence of a decline in the responsive-
ness to both ﬂickering ﬂash and short pulses of light by 4–5 weeks.
As we and others (LaVail & Battelle, 1975) have shown, this loss of
function corresponds closely with a reduced outer nuclear layer
thickness from 4 to 8 weeks. This pathology results in the progres-
sive degeneration in rod and cone function with a large reduction
of the b-wave and loss of the a-wave by P50 (Bush, Hawks, &
Sieving, 1995). It is worth noting that while at 4–5 weeks the cor-
tical pattern response was severely compromised, the reduction of
the response to temporal changes in luminance level was not pro-
nounced until 7–8 weeks despite the loss of photoreceptor func-
tion. A number of different possibilities could explain this result.
The certain decline in the cortical response to spatially uniform
stimuli with age in the normal animal found in this study could re-
ﬂect increased inhibitory-mediated centre surround antagonism. A
visual input reduction might result in neurotrophic factor deﬁcits
and compromise the normal development of inhibitory connec-
tions that could lead to the preservation of the cortical response
to spatially uniform stimulation while impairing the ability to re-
spond to gratings at a normal level. Alternatively, an expansion
of the cortical neuron receptive ﬁelds might prevent them from
resolving the gratings while increasing the responsiveness to tem-
poral changes in luminance level. Like the RCS rat, the P23H rat
also has a genetic defect which results in the progressive loss of
rod and cone function (Machida et al., 2000; Pinilla, Lund, & Sauve,
2005) and it has been suggested that changes in synaptic connec-
tivity between the photoreceptors and bipolar cells in the retina
might compensate for the loss of visual input. Given the similari-
ties between these animal models, one would also expect a level
of compensation in the RCS rat retina. While ganglion cell acuity
was well preserved and no expansion of the corresponding recep-
tive ﬁelds was found within the initial 3 months of life (Pu, Xu, &
Zhang, 2006), the drastic reduction in the signal to noise ratio
and/or the number of ON cells (Pu, Xu, & Zhang, 2006) could poten-
tially disrupt the integration, transmission or processing of this sig-
nal at higher levels of the visual system. Lack of correlation
between retinal and cortical acuity has been shown to occur due
to abnormal visual development such as in amblyopia (Hess,2001), because of BDNF deﬁcits in the cortex post-development
(Heimel et al., 2010) or during ageing (Spear, 1993). There is sub-
stantial evidence supporting the view that a visual input impair-
ment results in an initial loss of functional activation in the
corresponding cortical projection followed by an expansion of
the activation to the deafferented cortical regions from neighbour-
ing areas (Baker et al., 2005; Calford et al., 2005; Kaas, 2002). A
similar phenomenon was also observed in the RCS rat visual cortex
several months after retinal transplantation (Girman, Wang, &
Lund, 2003). This could be due to underlying structural changes
(Keck et al., 2008) and/or the reinforcement of the synaptic con-
nections following loss of visual input of those neurons that are
still active by either Hebbian or homeostatic synaptic plasticity
mechanisms (Pozo & Goda, 2010).
Identifying the mechanism or mechanisms underlying the cor-
tical changes after visual input deﬁcits is a complex and controver-
sial area of research (Wandell & Smirnakis, 2009). In addition to
plastic changes, the enlargement of V1 responses could have a dif-
ferent origin such as intrinsic lateral connections or feedback from
extrastriate regions. However, given the extensive and prolonged
reduction of the visual input it is likely that some form of compen-
sation would also take place in the RCS rat. Given that our results
have shown strong spiking activity in input layer IV, a compensa-
tory mechanism could originate, at least partially, in subcortical
structures such as the lateral geniculate nucleus.
By P100, the majority of the photoreceptors have disappeared
in the RCS rat (LaVail & Battelle, 1975), the b-wave is lost (Bush,
Hawks, & Sieving, 1995; Machida et al., 2008) and there is wide-
spread loss in the visual sensitivity of neurons at the superior col-
liculus (Sauve et al., 2001). At this age we also found a very
substantial reduction in the amplitude of the optical imaging and
electrophysiological (LFP and MUA) response using either the ﬂick-
ering ﬂash or the pulse of light. This would suggest that the com-
pensatory mechanism would no longer able to preserve cortical
function to the level found in younger animals.
4.4. Degeneration in the response latency
Increases in response latency are relevant to the study of retinal
disease, in particular, increased ERG latencies have been reported
in patients suffering from retinitis pigmentosa (Hamasaki et al.,
2002; Janaky et al., 2008; Sandberg, Sullivan, & Berson, 1981). This
measure has also been shown to be a good indicator of functional
preservation in the retina following therapeutic intervention (Sau-
ve, Pinilla, & Lund, 2006). Our study has shown that the cortical re-
sponse latency in control animals remained constant after P28–35,
in agreement with previous ERG studies showing developmental
changes stopping after P25 in the rat (Fulton, 1983). In comparison,
the RCS rat displays response latency increases even at P25–28 in
the retina (Deshpande et al., 1992; Fulton, 1983). Longer response
latencies have also been detected in other visual structures in the
RCS rat such as the superior colliculus (Sauve et al., 2002, 2001).
Previous studies have not addressed the speed of transmission of
visual information from the retina to the visual cortex. Here, we
have shown that there is an increase in the cortical response la-
tency in the RCS rat as early as P28–35 postnatally and it increases
as the retinal degeneration progresses. The increase in latency sug-
gests that the speed of neural transmission has been compromised
in the cone system. Our ﬁndings showing an increase in the latency
of the response present at the input layer IV, suggests that this
phenomenon originates in pre-cortical structures.
5. Conclusion
The ability of a patient suffering from retinal disease to perceive
the ﬁne details of a visual scene depends on the capacity of the
2184 C. Gias et al. / Vision Research 51 (2011) 2176–2185visual cortex to process spatial patterns. The RCS rat has been
extensively used in the past as an animal model to study retinal
degeneration. This model has been assumed, by behavioural out-
puts, to develop normal visual function before degenerating as a
result of the disease. However, no study has previously addressed
the RCS rat’s ability to process grating information in the cortex be-
fore the visual system is fully developed. The present study shows
that this rat model fails to reach a normal cortical response level to
pattern stimulation or luminance changes, with normal develop-
ment compromised before maturity is attained.
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